Among its many functions, the ubiquitin-proteasome system regulates substrate-specific proteolysis during the cell cycle, apoptosis, and fertilization and in pathologies such as Alzheimer's disease, cancer, and liver cirrhosis. Proteasomes are present in human and boar spermatozoa, but little is known about the interactions of proteasomal subunits with other sperm proteins or structures. We have created a transgenic boar with green fluorescent protein (GFP) tagged 20S proteasomal core subunit α-type 1 (PSMA1-GFP), hypothesizing that the PSMA1-GFP fusion protein will be incorporated into functional sperm proteasomes. Using direct epifluorescence imaging and indirect immunofluorescence detection, we have confirmed the presence of PSMA1-GFP in the sperm acrosome. Western blotting revealed a protein band corresponding to the predicted mass of PSMA1-GFP fusion protein (57 kDa) in transgenic spermatozoa. Transgenic boar fertility was confirmed by in vitro fertilization, resulting in transgenic blastocysts, and by mating, resulting in healthy transgenic offspring. Immunoprecipitation and proteomic analysis revealed that PSMA1-GFP copurifies with several acrosomal membrane-associated proteins (e.g., lactadherin/milk fat globule E8 and spermadhesin alanine-tryptophan-asparagine). The interaction of MFGE8 with PSMA1-GFP was confirmed through cross-immunoprecipitation. The identified proteasome-interacting proteins may regulate sperm proteasomal activity during fertilization or may be the substrates of proteasomal proteolysis during fertilization. Proteomic analysis also confirmed the interaction/coimmunoprecipitation of PSMA1-GFP with 13/14 proteasomal core subunits. These results demonstrate that the PSMA1-GFP was incorporated in the assembled sperm proteasomes. This mammal carrying green fluorescent proteasomes will be useful for studies of fertilization and wherever the ubiquitin-proteasome system plays a role in cellular function or pathology.
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T here has been growing acceptance of the essential role of the ubiquitin-proteasome system (UPS) in many aspects of the fertilization process in mammals, lower vertebrates, and invertebrates (reviewed by refs. 1-3). Sperm capacitation, acrosomal exocytosis, sperm binding to and penetration through the zona pellucida, and degradation of the sperm-borne mitochondria and mtDNA inside the zygote all involve proteasomal proteolysis in mammals (4) (5) (6) . Multiple laboratories have reported the presence and involvement of sperm-borne proteasomes in human, mouse, porcine, bovine, avian, ascidian, and echinoderm (5, (7) (8) (9) (10) (11) . Spermborne proteasomes and associated enzymes have been detected in the cytosol/matrix of the acrosome and bound to the inner and outer acrosomal membranes of the sperm head (5, 7, (12) (13) (14) . Proteasome-specific proteolytic and deubiquitinating activities have been measured in live, intact spermatozoa by using specific fluorometric substrates (5, 15) . Fertilization has been shown to rely on proteasomal proteolysis by the application of a variety of proteasomespecific inhibitors and antibodies (7, 12, (16) (17) (18) . Phosphoproteome studies detected many UPS proteins undergoing phosphorylation during sperm capacitation and acrosome reaction in the mouse, boar, and rat (2, 19, 20) .
The UPS tags outlived or damaged intracellular proteins through a multistep process with a small chaperone protein ubiquitin (8.5 kDa) that targets them for degradation by the 26S proteasome, a multisubunit protease (21) . A substrate protein first is marked for degradation by the covalent attachment of a single 76-amino acid ubiquitin molecule. Subsequent ubiquitin molecules are covalently attached, typically to the K48 or K63 residue of the previous ubiquitin molecule through a series of enzymatic reactions. This process is initiated by the activation of an unconjugated monoubiquitin with phosphorylation-dependent ubiquitin-activating enzyme E1 (UBE1). UBE1 then is replaced with ubiquitin-conjugating enzyme E2. Simultaneously, the targeted substrate protein is located and secured by ubiquitin ligase E3, which is the enzyme responsible for substrate specificity of protein ubiquitination. The E3 ligase catalyzes the covalent binding of the C-terminal Gly residue (G76) of ubiquitin to an internal Lys residue of the substrate protein.
Subsequently, tandem ligation of additional ubiquitin molecules results in the formation of a multiubiquitin chain (four or more ubiquitin molecules) that makes the substrate protein recognizable to the PSMD4 subunit of the 19S regulatory complex of the 26S proteasome.
The canonical 26S proteasome is a large cylindrical multisubunit protease containing a 20S core catalytic particle capped at one or both ends by a 19S regulatory particle. The 20S core is composed of 28 subunit molecules of 14 different kinds, arranged in four heptamerically stacked rings in an α7β7β7α7 pattern. The inner two β rings each contain seven β-type/PSMB subunits, three of which have active protease sites responsible for proteolysis. Subunit β1/PSMB6 has a caspase-like peptidase activity, subunit β2/PSMB7 has a trypsin-like peptidase activity, and subunit β5/PSMB5 displays a chymotrypsin-like peptidase activity (8, 22) . The α-type subunits connect the 20S core to the 19S regulatory particle and have no known protease activity; however, some are reported to have RNase/endonuclease activities (reviewed by ref. 23 ). The 19S regulatory particle contains 19 subunits divided between the lid and base subcomplexes. The lid contains up to 14 non-ATPase subunits (PSMD1-14) that recognize the polyubiquitin chain linked to the target protein, which then is removed by the Rpn11/PSMD14 subunit's deubiquitinating activity. The base contains six ATPase subunits (Rpt1-6/PSMC1-6) that unfold and translocate the substrate protein and regulate proteasome activity (22) .
Little is known about the interactions of specific proteasomal subunits with proteasome-interacting proteins (PIPs) and the mechanisms behind these proteasome-dependent events. To give insight into the identity of these PIPs and their mechanisms during fertilization, a transgenic boar was created carrying the fluorescently tagged 20S core particles with the enhanced green fluorescent protein (GFP) fused to the proteasomal subunit α-6/ PSMA1 (PSMA1-GFP transgene). The purpose of this study is to report the localization and subunit composition of the sperm-borne proteasomes, and to promote the use of this unique transgenic pig model in the investigation of the cellular mechanism and pathologies associated with the function or dysfunction of UPS, respectively. By using the transgenic boar spermatozoa for epifluorescence, immunofluorescence, Western blotting, immunoprecipitation, and tandem mass spectrometry (MS/MS), we provide evidence that the subunits of the sperm acrosome-borne proteasomes interact with acrosomal membrane proteins that may anchor proteasomes to the acrosomal structures and/or depend on proteasomes for their function during fertilization. These results might provide insight into the proteasome-dependent mechanisms behind the UPS's role in fertilization and encourage the use of this unique transgenic boar model for the study of the UPS in all areas of research (fertilization, neurodegenerative disorders, and genetic diseases).
Results
Creation and Validation of the PSMA1-GFP Transgenic Pig. To create a transgene-carrying proteasomal subunit PSMA1 fused to the GFP, a porcine PSMA1 sequence was assembled in silico from public data and used to identify an EST that appeared to be full length (GenBank accession no. CO946059). Primers were designed to remove the stop codon and create homology for cloning with In-Fusion (Clontech). The CO946059 amplimer was inserted into pCAG-CreGFP (Addgene, 13776) replacing the Cre coding region (Fig. 1A) . The resulting plasmid (pKW14) was functionally validated in porcine fetal fibroblasts. After insert purification, GFP-PSMA1, a selectable marker, and the chicken egg-white matrix attachment region ( Fig. 1 B and C) were coelectroporated into male fetal fibroblasts (10 μg total DNA; 5:2:2 ratio, respectively). Transfected cells were cultured in DMEM (10% FBS) for 12 d in 400 mg/L G418, during which time they developed a diffuse cytoplasmic and concentrated nuclear fluorescence of GFP ( Fig. 2A ). Embryos were reconstructed from pooled integration events via somatic cell nuclear transfer (Fig.  2B ) and transferred to two surrogates (120-125 clones per surrogate). Two females delivered two piglets each on day 114 by caesarean section. One live piglet was produced from each litter. One male piglet survived beyond day 3 and reached adulthood; this piglet became the founder piglet of our PSMA1-GFP line. A third surrogate delivered a litter of five piglets, but the four surviving piglets did not harbor the transgene. Expression of PSMA1-GFP initially was confirmed by black light exposure of the founder piglet ( Fig. 2C) and by epifluorescence imaging of the reproductive and other tissues collected from stillborn transgenic siblings (Fig. 2D ).
Fertility Testing of the Founder Boar and Its Progeny. Upon reaching puberty, the transgenic founder boar was trained for semen collection and mated with fertile gilts to develop the PSMA1-GFP line available through the National Swine Resource and Research Center (NSRRC; www.nsrrc.missouri.edu). Epifluorescence imaging revealed GFP fluorescence in the sperm head acrosomal region of live spermatozoa (Fig. 3A) , which was confirmed further by amplification with a monoclonal anti-GFP antibody in the fixed and permeabilized spermatozoa (Fig. 3A) . Histology of the adult transgenic boar gonads revealed normal testicular and epididymal tissue architecture, normal spermatogenesis in the testis, and abundant spermatozoa within the epididymal tubule lumen (SI Appendix, Fig. 1 A and B) . Analysis of adult spermatids and spermatocytes revealed the accumulation of GFP-PSMA1 in the hotspots of proteasomal degradation, such as the nucleus, caudal manchette, acrosomal cap, and cytoplasmic droplet (SI Appendix, Fig. 1 C and D) . Localization of a proteasomal subunit to the chromatoid body was observed. In vitro fertilization (IVF) was performed successfully by using semen from the founder as well as from one of his transgenic sons: a wild-type boar used as a control. The semen characteristics of transgenic offspring were examined after semen collection (SI Appendix, Table 1 ). The sperm concentration and motility of PSMA1-GFP offspring were significantly lower than those of the wild-type boar (P < 0.05) (SI Appendix, Table 2 ), but there was no significant difference in monospermic fertilization (polyspermy was significantly lower; P < 0.05; SI Appendix, Table 3 ). Proteasomal-proteolytic activities of transgenic spermatozoa were comparable with those of wild-type spermatozoa, whereas the deubiquitinating activity associated with transgenic spermatozoa was slightly lower than that of the wild type (SI Appendix, Fig. 2 ). The percentage of cleaving oocytes was higher in the wild-type boar (P < 0.05). Although there was no significant difference in blastocyst rate, the mean cell number per blastocyst was significantly higher in the transgenic offspring (P < 0.05; SI Appendix, Table 4 ). Consistent with the onset of maternal-embryonic transition of the control of gene expression, the expression of PSMA1-GFP first was observed at late two-cell and four-cell embryos, and increased to the blastocyst stage (Fig. 3B) . Consequently, we could confirm that the male of GFP offspring is fertile by IVF trials. This founder male subsequently transmitted the transgene to offspring via artificial insemination.
Characterization of Transgenic Spermatozoa. Western blotting was used to establish the successful fusion of the GFP to the PSMA1 protein in the transgenic boar spermatozoa. Semen samples from a fertile wild-type boar and the transgenic, PSMA1-GFP boar were processed for Western blotting experiments (Fig. 4) . Mouse monoclonal anti-GFP antibodies from two different purveyors, anti-PSMA1 antibody, and an antibody recognizing the conserved domain shared by 20S core α-type subunits 1-7 (anti-PSMA1-7) were used to confirm the presence of the PSMA1-GFP fusion protein in the transgenic boar spermatozoa (Fig. 4 A, i and ii). The Cre was removed from pCAG-CreGFP using AgeI restriction sites, and used as vector backbone. Generation of the insert was done via PCR. Primers were designed to amplify the PSMA1 coding region from p6MM, to remove the stop codon, and to create a homology for cloning with In-Fusion (Clontech). (B) Linearized DNA fragments used for cotransfection of porcine fetal fibroblasts. pKW14 (PSMA1-GFP), pKW4 (mNeo, selectable marker), and cMAR (insulator). (C) Sequence of the linker used between the PSMA1 proteasomal subunit and GFP. The linker sequence (yellow) is flanked upstream by PSMA1 (red) and downstream by GFP (green), corresponding to B.
anti-GFP antibody revealed a single band of ∼57 kDa specific to transgenic boar spermatozoa, with no corresponding band in wildtype boar spermatozoa. The migration pattern of this band corresponds to the calculated mass of the PSMA1-GFP fusion protein (263-aa residues PSMA1 + 238-aa residues GFP). This band also corresponds to PAGE protein band identified as PSMA1-GFP fusion protein by MS/MS (SI Appendix, Table 5A and Fig. 4B ). The anti-PSMA1 (Fig. 4 A, i ) and anti-PSMA1-7 antibodies (Fig. 4 A, ii) also revealed a 57-kDa band unique to transgenic boar spermatozoa, in addition to the anticipated wild-type PSMA1 band at 25-27 kDa. A larger group of proteins also was detected in the 27-30-kDa range for both wild-type and transgenic boar sperm, corresponding to the calculated masses of α-type subunits PSMA1-7. Based on the comparison of band densities, it is concluded that transgenic boar spermatozoa carried the PSMA1-GFP fusion protein as well as the more abundant wild-type PSMA1 protein.
Identification of Sperm Proteins That Copurify with PSMA1-GFP.
Immunoprecipitation (IP) was used to identify the sperm-associated proteins interacting with the PSMA1-GFP protein, including proteins of spermatogenic origin and proteins adhering to the sperm surface that originate from epididymal fluid or seminal plasma. Semen from a fertile wild-type boar and the transgenic, PSMA1-GFP boar were processed for immunoprecipitation experiments. Anti-GFP antibodies were used to immunoprecipitate the PSMA1-GFP protein and to coimmunoprecipitate possible interacting proteins. The transgenic boar sperm extracts were prepared with two different variants of extortion buffer; wildtype semen not carrying GFP was used as a negative control. The putative PSMA1-interacting protein bands then were resolved on PAGE (Fig. 4B) , excised, and submitted for proteomic analysis by MS/MS. As anticipated, proteomics confirmed the presence of the PSMA1-GFP fusion protein and identified most of the coimmunoprecipitated 20S proteasomal core subunit α-type 1, 3, 4, 5, 6, and 7 and β-type 2, 5, 6, and 7, and isoforms of α-type 3, 4, and 7 and β-type 2 (SI Appendix, Table 5A ; peptide coverage also shown in SI Appendix, Table  5B ). This shows that the PSMA1-GFP fusion protein was incorporated into fully assembled 20S proteasomes. Additional proteins identified as possible interacting proteins of 20S core, or substrates of proteasomal proteolysis, included predominantly the known acrosomal membrane proteins (e.g., lactadherin/ milk fat globule E8 (MFGE8) and spermadhesin alaninetryptophan-asparagine (AWN); complete list in SI Appendix, Table 5B ). This list of proteins supports the acrosomal origin of immunoprecipitated 20S proteasomes and corroborates the live GFP imaging and immunolocalization data. Importantly, only two weak protein bands were found in immunoprecipitates of wild-type spermatozoa lacking the PSMA1-GFP fusion protein even though the same IP method, protein load, and antibodies were used (Fig. 4B ). The band patterns of immunoprecipitated wild-type and transgenic sperm proteins were identical in multiple repeats of IP procedure.
The most prevalent protein identified among known acrosomal proteins was lactadherin MFGE8 because of its high score of 1,264 and high sequence coverage of 74% (SI Appendix, Table  5B ). Western blotting was used to confirm MFGE8's presence in transgenic boar spermatozoa. Two different anti-MFGE8 antibodies (D161-3 and D199-3) were used, and both revealed a 51-kDa band corresponding to the calculated mass of MFGE8 (Fig.  4 A, iii). Acrosin inhibitor serine protease inhibitor kazal-type 2 (SPINK2) was another prominent acrosomal protein with a significant score and percent coverage that coimmunoprecipitated with PSMA1-GFP. To confirm the interaction of MFGE8 with the PSMA1-GFP protein, cross-immunoprecipitation trials were performed. Wild-type and transgenic boar sperm extracts were immunoprecipitated with anti-MFGE8 antibodies, resolved by PAGE at identical protein loads, transferred, and probed with anti-GFP antibody (Fig. 4 A, iv) . This cross-precipitation assay revealed the anticipated PSMA1-GFP band of ∼57 kDa. Based on extraction buffer variant, one additional GFP-immunoreactive band was observed in the transgenic immunoprecipitates at ∼15 kDa [regular radioimmunoprecipitation assay buffer (RIPA) extraction] or ∼100 kDa (modified RIPA). No GFP bands were observed in the control wild-type immunoprecipitates at a protein load identical to the transgene (Fig. 4 A, iv) . Altogether, proteomic analysis confirmed the incorporation of PSMA1-GFP subunit in the assembled 20S proteasomes and identified several potential proteasome-interacting proteins/proteasomal substrates in the sperm acrosome. The affinity purification method described above was modified further to allow for the isolation of the enzymatically active, green fluorescent proteasomes (Fig. 4C) . The GFP purification matrix beads showed high fluorescence intensity after incubation with PSMA1-GFP sperm acrosomal extracts (Fig. 4 C, ii) , but not after incubation wild-type sperm extract (Fig. 4 C, ii) . Eluted fraction revealed the presence of PSMA1-GFP fusion protein by Western blotting (WB) (Fig. 4 C, iii) , and the proteasomal proteolytic activity in the eluted fraction was detected by proteasomal substrate fluorometry (Fig. 4 C, iv) .
Discussion
This study shows that the PSMA1-GFP fusion protein is incorporated in the assembled 20S proteasomes of the PSMA1-GFP transgenic pig created as a tool to study the UPS in the reproductive system, brain, and any other organs or tissues. The PSMA1-GFP founder boar and his male and female offspring are fertile in vivo and in vitro. Robust GFP fluorescence from the expression of PSMA1-GFP construct at the four-cell stage of preimplantation development agrees with the time of major maternal-to-zygotic transition (MZT) of transcriptional control in porcine in vitro and in vivo embryos, determined by autoradiographic studies and transcriptional analysis (24) (25) (26) . Occasionally, we detected weak GFP fluorescence already at the two-cell stage, which might indicate minor transcriptional reactivation at this early stage of development. Similarly, minor transcription from the male pronucleus already is observed at the one-cell, zygote stage in the mouse (27), a species in which minor transcription is initiated at the one-cell stage and the MZT occurs at the two-cell stage (28). Transcriptional and translational activity already is detectable in one-and two-cell-stage bovine embryos, a species in which the major MZT occurs at the four-to eight-cell stage (29).
Although acrosomal fluorescence was difficult to detect in the live PSMA1-GFP spermatozoa, the presence of the GFP-proteasomes in the transgenic sperm acrosome was documented by immunofluorescence with anti-GFP antibodies, and by WB of whole spermatozoa and acrosomal extract fractions. Natural GFP expression in live spermatozoa from the transgenic boar was weaker than we had intended, but this was overcome through GFP amplification methods and the GFP-proteasome location was confirmed to reside in the sperm acrosome. Lower expression in the mature spermatozoa most likely is the result of a reduced Fig. 4 . Proteomic analysis of PSMA1-GFP fusion protein and the coimmunoprecipitated proteins in the transgenic spermatozoa. (A) A unique band of ∼57 kDa, corresponding to the calculated mass of PSMA1-GFP, is detected in the sperm extracts of the transgenic boar (GFP lane), but not in those from a wild-type boar (WT lane) (A, i). Anti-PSMA1 antibody detected both the wild-type PSMA1 band of ∼27 kDa and the PSMA1-GFP fusion protein of ∼57 kDa (A, i, Left), whereas the anti-GFP antibody detected the PSMA1-GFP band in the transgenic boar only (A, i, Right). A polyclonal antibody recognizing six of seven 20S proteasomal core α-type/PSMA subunits confirms the presence of PSMA1-GFP in the transgenic boar and of the six wild-type PSMA subunits, all of which comigrate in the 25-30-kDa range in both WT and transgenic spermatozoa (A, ii). Western blotting was used to confirm the coimmunoprecipitation of lactadherin MFGE8 with sperm proteasomes from transgenic sperm extracts, using two different anti-MFGE8 antibodies, D161-3 and D199-3 (A, iii). Spermatozoa were lysed with regular RIPA buffer (Reg RIPA) or modified RIPA buffer (Mod RIPA), immunoprecipitated with anti-GFP antibodies, and probed with anti-MFGE8 antibodies. A single 51-kDa band was revealed in each lane and corresponds to the calculated mass of MFGE8. A modified RIPA buffer (Nonidet P-40) was included because the regular RIPA buffer (Triton X-100) may disrupt some protein-protein interactions. A cross-precipitation experiment was performed to confirm the interaction of MFGE8 (one of the identified interacting proteins from the proteomics results shown in B) with GFP-tagged proteasomes. Wild-type and transgenic boar spermatozoa were lysed with regular or modified RIPA buffer and immunoprecipitated with anti-MFGE8 antibodies (A, iv). The precipitations then were probed with anti-GFP antibodies. Bands were revealed in all transgenic boar lanes, with no bands detected in the wild-type lanes. (B) Band patterns of the putative proteasome-interacting proteins coimmunoprecipitated from the transgenic boar spermatozoa by using an anti-GFP antibody. Wild-type boar and transgenic boar spermatozoa were solubilized with RIPA or modified RIPA buffer and then immunoprecipitated with anti-GFP antibodies. Red boxes mark proteins unique to transgenic boar sperm that were analyzed by MS. Protein numbers correspond to the protein numbers in SI Appendix, Table 5B . (C) Affinity purification of the enzymatically active green fluorescent proteasomes. The GFP purification matrix beads show high fluorescence intensity after incubation with the PSMA1-GFP sperm extracts (C, i); there is no fluorescence in the beads incubated with the wildtype sperm extract (C, ii). Both types of beads were photographed at an identical magnification and acquisition time. (C, iii) Proteasomal PGPH activity (Upper; measured using the fluorometric proteasomal substrate Z-LLE-AMC) and deubiquitinating activity [Lower; measured by fluorometric substrate ubiquitin (Ub)-AMC] in the eluted fraction from beads incubated with PSMA1-GFP sperm extracts (PSMA1-GFP), in the eluted fraction from beads incubated with wild-type sperm extract (WT), in the assay solution including elution buffer and fluorometric substrate (BF+LLE-AMC or BF+Ub-AMC), or in the assay solution containing only the fluorometric substrate (Z-LLE-AMC or Ub-AMC). Proteasomal activities were measured every 2 min for 20 min.
expression of the transgene during meiotic and postmeiotic phases of spermatogenesis. Also, it should be noted that the wild-type PSMA1 subunit was expressed from both maternal and paternal copies of the wild-type gene, whereas the transgene expression was only from the paternally contributed chromosome. In the future, the fluorescence intensity of PSMA1-GFP fusion protein in fully differentiated spermatozoa might be improved by using a promoter specific to the late part of spermatogenesis, such as protamine 1 or protamine 2. In WB, the PSMA1-GFP proteasomal subunit comigrated with the acrosomal membrane fraction. Conversely, the PSMA1-GFP subunit was not detected in the whole wild-type boar spermatozoa and acrosomal extract fractions or the soluble acrosomal matrix fraction obtained after the removal of wild-type acrosomal membranes. The appearance of a high-density band at the 25-30-kDa range corresponds to the molecular mass of the wild-type PSMA1 and, when antibodies against a shared domain of α-subunits are used, of the six other 20S proteasomal core α-subunits. The pattern of proteasome compartmentalization in the sperm head supports the proposed role of proteasomes in acrosomal function during fertilization (1, 3) .
The GFP-tagged proteasomes copurify with known acrosomal/ acrosome-binding proteins, including lactadherin MFGE8, spermadhesin AWN, and glycoprotein porcine seminal plasma-I (PSP-I). These findings are consistent with the deposition of MFGE8 and spermadhesins on the sperm acrosomal surface during passage or after ejaculation (30-32), and with the presence of proteasomes in the sperm acrosome and on the acrosomal surface (5, 7, 8) . Both lactadherin MFGE8 and the aforementioned spermadhesins/ seminal plasma proteins have been implicated in the formation of the oviductal sperm reservoir, in sperm capacitation, and in sperm-zona pellucida binding (33, 34). These structural proteins also might be the substrates of resident acrosomal proteasomes. Some of the proteins identified in SI Appendix, Table 5B also might serve to anchor the proteasome to acrosomal membranes, or participate in proteasome-assisted acrosomal remodeling during sperm capacitation and acrosomal exocytosis.
The 20S proteasome is composed of four concentric rings. The outer rings on each side of the "barrel" are composed of seven α-type subunits (PSMA1-7), whereas the inner rings, in which the proteolytic activity resides, are composed of seven β-type subunits (PSMB1-7) (3, 22) . Unsurprisingly, the GFP-tagged proteasomes copurified with most of the 20S proteasomal core subunits, including all seven α-type subunits and six of seven β-type subunits as well as several isoforms thereof. The anti-GFP antibody was used for immunopurification, indicating that the PSMA1-GFP fusion protein is incorporated in the structurally sound 20S proteasomes during spermatogenesis. This also indicates that the copurification of GFP-proteasomes with other 20S proteasomal core subunits reveals the successful isolation of the 20S core. No 19S regulatory complex subunits were copurified, probably because of the detachment of the 19S subunit during sperm extract processing. This is consistent with results from protocols that use repeated freeze-thawing and sonication of source cells before immunopurification of proteasomes (35, 36). Whether any of the identified subunit isoforms are testis specific remains to be determined. An estimated one-third of sperm proteosomal subunits in Drosophila are testis specific (37), and there is at least one testis-specific α-type subunit isoform, designated PSMA8, in human testis (22) .
As anticipated based on the coimmunopurification of PSMA1-GFP with other proteasomal subunits, we were able to isolate enzymatically active GFP-proteasomes. With further optimization of the purification and elution protocols, these fractions will be useful for studies in cell-free systems, including but not limited to research on sperm-oocyte interactions. Upcoming experiments will study the interactions of the sperm proteasome with MFGE8, spermadhesins, and other acrosomal proteins that copurify with sperm proteasomes. In addition to the study of fertilization, the PSMA1-GFP pig model might be used to study a variety of reproductive technologies and disorders, such as germ cell transplantation (38), ovarian/oocyte function (39), and endometriosis (40). The transgenic animal model described in the present study is available through the National Institutes of Health-sponsored NSRRC and may be used to study the functioning of the UPS in a variety of cellular pathways and pathologies, such as Alzheimer's disease, Huntington disease, Parkinson disease, cancer, immune and inflammatory disorders, and liver cirrhosis. The deregulation of the UPS also has been implicated in the pathogenesis of genetic diseases such as cystic fibrosis, Angelman syndrome, and Liddle syndrome (41). In the case of cystic fibrosis, the PSMA1-GFP pigs might be crossed with the cystic fribrosis transmembrane conductance receptor null (CFTR −/− ) pig (42) (www.exemplargenetics.com/cftr/). The fusion of GFP to the proteasome does not appear to interfere with proteasome function in male gametes or in other systems. Consequently, the PSMA1-GFP transgenic pigs are healthy, reach sexual maturity in a timely manner, and produce healthy, fertile offspring. The use of this transgenic pig model to advance the understanding of the role of the UPS has the potential to identify and validate therapeutic targets for the treatment and prevention of several diseases.
Materials and Methods
Plasmid Constructs and DNA Preparation. The full-length sequence for porcine PSMA1 subunit of 20S proteasomal core was first constructed in silico from public data. This sequence was used to identify a GenBank EST sequence that appeared to be full length (accession no. CO946059), which was then retrieved from cryopreserved archive. The PSMA1 coding region was modified for cloning and recovered from the plasmid by PCR (primers: TTTTGGCAAAGAATT-CGGAACCATGTTTCGCAACCAGT, CATGGTGGCGACCGGTGCATGTTCCATTGGT-TCAT). The amplimer was cloned into pCAG-CreGFP (Addgene plasmid 13776) at the AgeI sites. Both vector and insert were gel purified, incubated in In-Fusion (Clontech) according to the manufacturer's instructions, and transformed into NEB 5-alpha chemically competent cells (New England BioLabs). Positive colonies were sequenced to confirm correct ligation and the absence of PCRinduced point mutations. The PSMA1-GFP transgene, a selectable marker (pKW4, AphII) (43), and the chicken egg-white lysozyme matrix attachment region (cMAR) (44) were purified from vector sequence for cotransfection. The resulting linearized DNA fragments were transfected using 10 μg of total DNA at a ratio of 5:2:2 (PSMA1-GFP:AphII:cMAR).
Fibroblast Cell Culture, Transfection, and Selection. Male porcine fetal fibroblast (104821, NSRRC) cells were cultured for 72 h before electroporation in DMEM with pyruvate and 12% FBS at 38.5°C in 5% CO 2 , 5% O 2 , 90% air, and 100% humidity. Culture, transfection, and selection were performed as described previously (45). Following selection, fluorescent colonies were harvested. Approximately two-thirds of each colony was placed back into culture and one-third was used for cell lysis and PCR analysis of positive clones.
Somatic Cell Nuclear Transfer. Mature oocytes were purchased from ART, Inc. and used for somatic cell nuclear transfer essentially as described (46, 47). The oocytes were shipped overnight in maturation medium no. 1 (48). After 24 h of culture, they were transferred to medium no. 2. After 40 h of maturation, they were enucleated and fused with a single intact donor cell by using two direct pulses of 1.2 kV/cm for 30 μs (BTX Electro Cell Manipulator 200) in 0.3 M mannitol, 1.0 mM CaCl 2 , 0.1 mM MgCl 2 , and 0.5 mM Hepes (pH adjusted to 7.0-7.4). Fused oocytes were placed in 500 μL porcine zygote medium-3 (PZM3) containing 500 nM Scriptaid, a histone deacetylase inhibitor (47), and cultured for 14-16 h at 38.5°C in humidified 5% CO 2 , 5% O 2 , and 90% N 2 . Cloned zygotes were transferred surgically to the oviducts of gilts in standing estrus. Six embryo transfers were performed, transferring 881 embryos. Eight piglets were recovered at caesarian section (six breathed). Five of the eight did not express, and one healthy expressing founder was identified (SI Appendix). Animal care followed a protocol approved by Animal Care and Use Committee of the University of Missouri.
Acrosomal Extracts of Boar Spermatozoa. Fresh boar spermatozoa were transferred to 15-mL Falcon tubes and centrifuged at 350 × g in a Fisher Scientific centrifuge for 5 min to remove the seminal plasma. The supernatant was removed, and the pellet was resuspended and washed in 9 mL of TL-Hepes containing 0.1% polyvinyl alcohol and 0.5% hyaluronidase, each time collected by centrifugation at 350 × g for 5 min. After washing, sperm pellets were resuspended in RIPA buffer (50 mM Tris·HCl, pH 8; 150 mM NaCl; 1% Triton; 0.5% sodium deoxycholate; 0.1% SDS; and PMSF, 1:200) or modified RIPA buffer (50 mM Tris·HCl, pH 8; 150 mM NaCl; 1% Nonidet P-40; 0.5% sodium deoxycholate; 1 mg/mL leupeptin; and 1 mg/mL pepstatin); resuspended samples were sonicated by using Digital Sonifier (Branson) for 1 min at 30% intensity. To prepare the acrosome extract, the disrupted spermatozoa were centrifuged at 5,000 × g for 10 min at 4°C, and supernatants were collected free of sperm head/tail fragments, as determined by light microscopy. The final supernatant fraction was stored at −80°C.
Isolation of Enzymatically Active Proteasomes. The GFP-binding agarose beads from the Fusion-Aid GFP Kit (MB-0732; Vector Laboratories) were washed with PBS (10 mM phosphate, 150 mM NaCL, pH 7.5) according to the manufacturer's protocol. Then, 0.5 mL of boar sperm acrosomal extract prepared by sonication, as described above, was added to the gel in the spin column, supplemented with 1 mM ATP and incubated for 2 h at room temperature. The spin column was centrifuged for 1 min at 350 × g, and the anti-GFP beads were washed in 0.4 mL of PBS once. The anti-GFP beads were transferred to a new microcentrifuge tube with 0.1 mL of elution buffer (PBS with 0.5% SDS) and incubated for 10 min at 37°C. The spin column was centrifuged for 1 min at 350 × g, and the flow-through was collected. This elution procedure was repeated to maximize recovery. The purified GFP flowthrough fraction was analyzed by fluorometry with specific proteasomal substrates. In some replicates, the eluted fractions were heated to 55°C for 20 min to activate proteasomes before measurement. 
Measurement of Proteasomal
Activity. Eluted proteasomal fractions were loaded onto a 96-well black plate (final concentration 1 × 10
TRANSGENIC OFFSPRING SEMEN ANALYSIS AND IVF
The sperm concentration of GFP offspring was significantly lower than wild type boar (0.4 vs. 1.5×10 9 spermatozoa/ml, p<0.05). Also the semen of GFP offspring showed high agglutination (head to head binding; Suppl. Table 1 ). Collected semen was diluted with X-Cell extender and sperm motility was measured during storage. The semen of GFP offspring showed 60-75% motility during storage, and the motility was significantly reduced on day 3 compared to the control wild type boar (87.5%, p<0.05; Suppl . Table 2 ).
There was no significant difference in monospermic fertilization between GFP offspring and wild type boar, however, the percentage of polyspermy was dramatically different (0.0% in GFP offspring vs. 63.9% in wild type boar, p<0.05; Suppl. Table 3 ). The percentage of cleaving embryos was significantly higher in wild type boar (68.8%) than in the GFP offspring (33.5%, p<0.05), but there was no significant difference in blastocyst formation rate (3.9% in GFP offspring vs. 3.4% in wild type boar). Additionally, mean cell number per blastocyst was higher in GFP offspring than in that of wild type boar (31.5 vs. 18.5; p<0.05; Suppl. Table 4 ). The expression of GFP was first detected in late 2 cell embryos and increased from 4-cell to blastocyst (56.0%; see Fig. 3 B in manuscript) . We concluded that the male of GFP offspring was fertile in vitro. 
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FOOTNOTES:
 Boar semen was collected twice from each boar, diluted with X-Cell extender and stored at room temperature; sperm motility was assessed under stereomicroscope at 37.5°C.  Mean±SEM for 2 ejaculates from each boar. fractions of the ejaculates with greater than 85% sperm motility and normal sperm acrosomes were used. Sperm concentrations were estimated using a hemacytometer (Fisher Scientific, Houston, TX, USA). The percentage of motile sperm was estimated at 38.5°C by light microscope at 250 x magnification. Semen was slowly cooled to room temperature (20°C) within 2 hrs after collection. Semen was then transferred into 15 ml tubes, centrifuged at room temperature for 10 min at 800 x g, and the supernatant was removed. The spermatozoa were processed according to each experiment's requirements and stored at -80°C. In order to use the semen for in vitro fertilization (IVF), the semen was diluted with X-Cell Extender (Cat. #USA851X, IMV Technologies, Maple Grove, MN; final concentration of 1×10 8 spermatozoa/ml). The diluted semen was stored in a styrofoam box at room temperature for 5 days. Unless otherwise noted, all chemicals used in this study were purchased from Sigma Chemical Co. (St. Louis, MO).
Collection and In Vitro Maturation (IVM) of Porcine Oocyte
Ovaries were collected from prepubertal gilts at a local slaughterhouse and transported to the laboratory in a warm box (25-30°C). Cumulus-oocyte complexes (COCs) were aspirated from antral follicles (3-6 mm in diameter), washed three times in HEPES-buffered Tyrode lactate (TL-HEPES-PVA) medium containing 0.01% (w/v) polyvinyl alcohol (PVA), then washed three times with the maturation medium [1] . Each time, a total of 50 COCs were transferred to 500 µl of the maturation medium that had been covered with mineral oil in a 4-well multidish (Nunc, Roskilde, Denmark) and equilibrated at 38.5°C, with 5% CO 2 in air. The medium used for oocyte maturation was tissue culture medium (TCM) 199 (Gibco, Grand Island, NY) supplemented with 0.1% PVA, 3.05 mM D-glucose, 0.91 mM sodium pyruvate, 0.57 mM cysteine, 0.5 µg/ml LH (L5269, Sigma), 0.5 µg/ml FSH (F2293, Sigma), 10 ng/ml epidermal growth factor (E4127, Sigma), 10% porcine follicular fluid, 75 µg/ml penicillin G, and 50 µg/ml streptomycin. After 22 h of culture, the oocytes were washed twice and cultured in TCM199 without LH and FSH for 22 h at 38.5°C, 5% CO 2 in air.
In Vitro Fertilization (IVF) and Culture (IVC) of Porcine Oocytes
After IVM, cumulus cells were removed with 0.1% hyaluronidase in TL-HEPES-PVA medium and ova were washed three times with TL-HEPES-PVA medium and three times with Trisbuffered (mTBM) medium [1] containing 0.2% BSA (A7888, Sigma). Thereafter, 20 oocytes were placed into each of four 100 µl drops of the mTBM medium, which had been covered with mineral oil in a 35 mm polystyrene culture dish. The dishes were allowed to equilibrate in the incubator for 30 min until spermatozoa were added for fertilization. One ml liquid semen preserved in X-Cell Extender was washed twice in PBS containing 0.1% PVA (PBS-PVA) at 800×g for 5 min, respectively. At the end of the washing procedure, the spermatozoa were resuspended in mTBM medium. After appropriate dilution, 1 μl of this sperm suspension was added to the medium that contained oocytes to give a final sperm concentration of 5×10 5 sperm/ml. Oocytes were co-incubated with spermatozoa for 6 hrs at 38.5°C, 5% CO 2 in air. At 6 hrs after IVF, oocytes were transferred into 500 μl PZM-3 medium [2] containing 0.4% BSA (A6003, Sigma) for further culture during 16-19 hrs or 144 hrs.
Evaluation of Oocyte Fertilization and Embryo Culture
Semen collection, in vitro oocyte maturation and in vitro fertilization were performed using standard methods described in Supplemental Data File. For evaluation of fertilization, oocytes/zygotes or embryos were fixed with 2% formaldehyde for 40 min at room temperature, washed with PBS three times, permeabilized with PBS-TX for 40 min at room temperature, and stained with 2.5 g/ml DAPI (Molecular Probes, Eugene, OR) for 40 min. Sperm penetration and fertilization status of the zygotes (unfertilized, fertilized-monospermic or fertilizedpolyspermic) or the number of nuclei in embryos/blastocyst were assessed under epifluorescence microscope. Image acquisition was performed on a Nikon Eclipse 800 microscope (Nikon Instruments Inc., Melville, NY) with Cool Snap camera (Roper Scientific, Tucson, AZ) and MetaMorph software (Universal Imaging Corp., Downington, PA). The same imaging system was used for the analysis of tissue fragments collected from stillborn transgenic siblings of the founder boar; microscopic tissue fragments were whole-mounted on ceroscopy slides in TL-HEPES medium with 10% PVP and directly imaged under epifluorescence illumination at the excitation wave length corresponding to peak excitation wavelength of GFP. To assure that the resultant signals were not due to autofluorescence, control acquisitions were also made in the UV and red excitation & emission bands. None of the GFP-patterns described in this study were observed in tissues of non-transgenic offspring.
Immunofluorescence of Boar Spermatozoa
Spermatozoa were affixed to poly-lysine treated microscopy coverslips and fixed in 2% formaldehyde, washed, permeablized in PBS with 0.1% Triton-X-100 (PBS-TX) and and blocked in PBS-TX containing 5% normal goat serum. Spermatozoa were incubated with mouse monoclonal antibody raised against the green fluorescent protein (GFP) from the jellyfish Aequorea victoria (1:100 dilution, cat #33-2600; Zymed Laboratories Inc., South San Francisco, CA, USA) overnight. Then they were incubated in PBS-TX containing 1% normal goat serum with goat-anti-mouse (GAM)-IgG-FITC (1:100 dilution; Zymed -Invitrogen) and DAPI (1:100; Molecular Probes -Invitrogen) for 40 min. Image acquisition was performed as described for oocytes.
Western blotting
Sperm were washed in protein-free PBS and sperm concentration was determined using a hemocytometer so that approximately 1 x 10 9 spermatozoa/ml were loaded per lane after extraction. Spermatozoa were washed again in PBS and boiled for 5 min with loading buffer (50 mM Tris (pH 6.8), 150 mM NaCl, 2% SDS, 20% glycerol, 5% β-mercaptoethanol, 0.02% bromophenol blue). Gel electrophoresis of 10 µl total protein/lane was performed on 4-20% gradient gels (PAGEr Gels, Lonza, Rockland, ME), followed by protein transfer to PVDF 
Immunoprecipitation and MALDI-TOF Mass Spectroscopy
Boar sperm extracts were immunoprecipitated with the anti-GFP antibody (catalog no. A11120; Invitrogen) by using the Seize X Protein G Immunoprecipitation Kit (Pierce), separated on 4-20% gradient gels (PAGEr Gels; Lonza) and stained with Coomassie blue. The immunoprecipitated bands were excised carefully from the Coomassie blue-stained gel, destained, reduced with DTT, alkylated with iodoacetamide, and then trypsinized overnight. The digest solutions were recovered from the gel pieces and transferred to Axygen MAXYMum Recovery microtubes. The gel pieces were extracted further, pooled, and lyophilized dry. The dried digests were reconstituted and analyzed by Nano-LCNanospray quadrupole time-of-flight MS plus MS/MS on an Agilent 6520A mass spectrometer. The "MS plus MS/MS" data were analyzed with the "Find Compounds by Auto MS/MS" program in the Agilent Mass Hunter software (version B.04.00) suite. The MALDI-TOF MS spectra peak lists were obtained for the spectra after internal recalibration using trypsin autolysis fragment masses, computer baseline correction, noise removal, and peak de-isotoping. The threshold for generating peak lists was set to 2% of the maximum observed peak area. Data were exported in the Mascot Generic Format (.mgf) for submission to an in-house copy of Matrix Science's Mascot program (www.matrixscience.com). Database searches were performed against the NCBInr Mammalian protein databases (last updated September 19, 2011) and were adjusted for trypsin digestion with no missed cleavage, fixed modification by carbamidomethylation, and variable modification by methionine oxidation. Mowse and Mascott ion scores were used to identify highly probable matches with known amino acid sequences.
Statistical Analysis
Analyses of variance were carried out using the Statistical Analysis Software package in a completely randomized design. Duncan's multiple range test was used to compare values of individual treatment when the F-value was significant (P < 0.05). 
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